In many marine species, large females tend to produce more robust offspring than small females. However, knowledge on maternal influences in decapod crustaceans is limited. This is unfortunate since many decapod populations are being intensively harvested and show signs of 'juvenescence', i.e. the loss of large (and presumably old) individuals. In this study, we quantified maternal influences in European lobster Homarus gammarus from Skagerrak, southern Norway. Historical lobster catches in Skagerrak were substantial but the stock has suffered a major decline over the past 30 to 40 yr and is currently red listed as near threatened according to the IUCN (International Union for Conservation of Nature) criteria. We studied eggs and larvae from wild-caught ovigerous females ranging in carapace length from 79 to 152 mm (n = 45). Mean egg size increased while sibling size variation decreased significantly with increasing maternal size. Mean larval size at hatching was closely linked to both maternal size and mean egg size. A laboratory experiment showed a weak but significant nonlinear increase in pelagic larval survival with increasing mean egg size in the absence of food. These findings suggest that maternal influences on offspring quality could be a significant source of variation in lobster recruitment. Consequently, maternal influences could be an important source of error in fisheries science and management if they are assumed to be absent or unimportant.
INTRODUCTION
It is increasingly recognised that the phenotype of mothers matters for population productivity and resilience to environmental change in the sea (Birkeland & Dayton 2005 , Hsieh et al. 2006 , Venturelli et al. 2009 ). Specifically, large and old females of many aquatic species are typically highly fecund and are known to produce larger, more robust offspring as compared to small and young spawners (Trippel 1998 , Berkeley et al. 2004a ). Furthermore, offspring size and viability may increase with maternal physiological condition (McCormick 1998) . In conflict with this knowledge, fisheries typically remove large and old individuals, leading to 'longevity overfishing', i.e. a rather newly defined form of overfishing (Berkeley et al. 2004b , Beamish et al. 2006 ). This contradiction clearly represents a challenge to the management of harvested marine species (Francis et al. 2007) .
Although maternal influences on offspring size are quite well documented in many fishes (e.g. Chambers & Leggett 1996) , less is known about such effects in decapod crustaceans. This is unfortunate since decapods are popular target species in recreational and commercial fisheries throughout the world, and often show clear signs of overharvesting (Spanier & Lavalli 1998 , Guzman & Tewfik 2004 , Melville-Smith & de Lestang 2006 , Agnalt et al. 2007 . A progressive decline in size at maturity over time has been documented for both sexes in the western rock lobster Panulirus cygnus, which forms the basis of a valuable fishery in Western Australia (Melville-Smith & de Lestang 2006) . In some American lobster Homarus americanus populations, egg size is a function of female size, with larger females producing larger eggs with higher energetic content (Attard & Hudon 1987 , Sibert et al. 2004 ). Similarly, in the European lobster Homarus gammarus, both fecundity and egg size increase with maternal size (Tully et al. 2001 , Agnalt et al. 2008 . In this species, there is also some evidence that maternal size may have a positive effect on offspring survival, as measured under semi-natural conditions during the early benthic phase (Jørstad et al. 2005) . However, the mechanisms linking maternal influences on egg size to larval size and viability in the European lobster are still unclear, and could involve competitive interactions and cannibalism prior to and during settlement, as well as starvation resistance during the early pelagic stages.
Furthermore, the link between maternal size and the variation in offspring size is, to our knowledge, poorly understood. Most studies on maternal influences in aquatic organisms tend to focus on mean values of sibling traits, i.e. levels of within-species or among-population variation in offspring size (Brooks et al. 1997 , Marshall & Keough 2008 . From a theoretical perspective, sibling size variation could be due to either inaccurate trait expression (e.g. physiological constraints) or adaptation to environmental unpredictability (i.e. bet-hedging), although the topic is under strong discussion and the sparseness of available empirical data seems to preclude any general conclusions (Fox & Czesak 2000 , Einum & Fleming 2004 . Recently, sought to bring the theories together and suggested that selection will act on both the mean and the variance of offspring size: 'In an unpredictable environment where the range of viable offspring sizes is narrow, selection is likely to favour the production of variable offspring sizes. In contrast, when the environment is relatively stable and there is a broad range of viable offspring sizes, selection is likely to favour a constant offspring size within broods'. From a practical perspective, our understanding of decapod life histories would benefit from quantitative estimates of how females partition their reproductive investment among offspring, and whether this partition scales with the size of the mother.
Here, we study maternal influences on offspring size variation and viability in wild European lobsters from the Norwegian Skagerrak coast. Historically, the Skagerrak region has supported a viable population of lobsters, but catches have plummeted over the past 30 to 40 yr (Agnalt et al. 2007 ). The stock is currently red listed as near threatened according to the IUCN (International Union for Conservation of Nature) criteria (Oug et al. 2006) . Specifically, we test for the effects of maternal size on mean egg size as well as on the variation in egg size. We also quantify to what extent larval size scales with maternal size and egg size. Lastly, we report on a laboratory experiment testing whether maternal influence on offspring size affects individual larval fitness (measured as starvation resistance) during the early pelagic stage.
MATERIALS AND METHODS
Ovigerous European lobsters were supplied by fishers operating in coastal waters in the Risør area (58°43' N, 9°17' E) on the Norwegian Skagerrak coast during October 2005 and 2006 (n 2005 = 14, mean carapace length (CL) = 99.6 mm, range: 79 to 152 mm; n 2006 = 31, CL = 98.7 mm, range: 85 to 140 mm). The lobsters were held indoors in 2 green fibreglass holding tanks (3 m diameter × 1 m water depth, 8:16 h light: dark cycle) at the Institute of Marine Research aquarium facility in Flødevigen, Arendal. Aerated seawater was supplied from a 75 m intake pipe nearby, reflecting the natural seasonal conditions in the region during the period up to hatching after 7 to 8 mo of incubation. In 2005-2006, mean incubation temperature was 8.4°C (range: 5.7 to 12.9°C), and mean salinity was 34.2 (range: 33.7 to 34.9); in 2006-2007, mean temperature was 9.0°C (range: 5.8 to 13.8°C), and mean salinity was 34.0 (range: 33.2 to 34.7). The exchange rate was maintained at a level where the entire water volume was changed every 4 h. The lobsters were fed daily with frozen shrimp or krill. Lobsters were inspected daily as eggs approached hatching, and lobsters with mature eggs were transferred to a hatchery raceway system. In this system, the lobsters where held separately in wooden flow-over chambers (0.5 × 0.5 × 0.5 m, water depth of 0.45 m), which were designed to deliver hatched larvae into sieving cassettes that were inserted into downstream chambers of equal dimensions. Water was supplied from the 75 m intake pipe, aerated and heated to 15°C by a heat exchanger in both years. Lobsters were not fed during the hatching of eggs to avoid potential contamination of larvae. After the hatching of all eggs, lobsters were returned to the larger holding tanks. Hatching of individual eggs lasted for up to 1 wk. The first hatching occurred on 25 May 2006 and 11 April 2007. The last hatching began on 10 July 2006 and 28 July 2007. The extended hatching period reflects the fact that we could neither control the extrusion dates, nor the degree-days accumulated prior to capture. Further, we observed no trend between female size and hatching date.
Egg size was quantified as egg dry weight (DW), which is a good approximation of the energy invested by the mother into individual offspring (Attard & Hudon 1987) . For this purpose, a sample of ~50 eggs was collected from each female during incubation in February in both years. The eggs were processed immediately after collection. Forty eggs from each female were separated and dried at 50°C for 24 h. The eggs were stored in airtight containers until weighing, and 30 eggs from each female were individually weighed to the nearest 0.01 mg with a microbalance (Mettler MT5). Measurement error was 0.01 mg, based on 10 measurements of 1 egg (mean = 1.529 ± 0.00316 mg SD, range: 1.52 to 1.53 mg). Agnalt (2008) reported that egg DW did not vary throughout the incubation period. However, an earlier study showed that DW was reduced during embryo development, with only a slight reduction throughout most of the development period, followed by a more rapid decrease towards the end of development (Pandian 1970) . In February 2006 and 2007, no females had eggs with embryos in development stages beyond Stage II, as defined by Pandian (1970) , in which DW is only minutely reduced.
Larval size was quantified as the CL of Stage I larvae, which was measured to the nearest 0.05 mm using a dissecting microscope with an ocular scale. Each larva was placed in a position where the ocular scale projected an axis through the middle of the right eye to the posterior margin of the carapace. CL was measured as the distance from the posterior eye margin to the posterior margin of the carapace along this axis. For this purpose, 10 larvae were collected within 12 h of hatching from 9 females (covering the full range of maternal sizes). The larvae were preserved in 70% ethanol prior to measurement.
Larval survival in the absence of food was quantified from 20 Stage I larvae that were collected within 12 h of hatching from each of 11 females in 2006 (i.e. females supplied by fishers in October 2005), and from each of 30 females in 2007 (i.e. females supplied by fishers in October 2006). Each larva was placed in a transparent Perspex tube (120 mm long × 50 mm inside diameter), with a 1 mm mesh being secured with tight fitting PVC rims at both ends. The mesh retained the larvae but allowed exchange of water. The containers had a round Styrofoam 'life-saver' that kept tubes floating in a vertical position, with an internal water depth of ~9 cm from the surface to the mesh bottom. All containers were released within one common semicircular tank (2 m diameter × 0.2 m water depth). Seawater was supplied horizontally along the side of the tank close to the water surface level, ensuring circular water movement and movement of individual Perspex tubes containing larvae. This experimental design was originally developed by Haugen & Vøllestad (2000) in order to randomise the effects of any microscale environmental variation, i.e. to obtain a 'common garden' rearing regime. The exchange rate was maintained at 8 l min -1 . Water was supplied from the 75 m intake pipe, aerated and heated to 15°C by a heat exchanger in both years. Temperature regulation was semi-automated but varied somewhat, and was therefore measured daily along with salinity. Mean temperature was 15.4 ± 0.3 and 14.9 ± 0.5°C SD in 2006 and 2007, respectively. Mean salinity was 33.9 ± 0.1 and 33.8 ± 0.2 SD in 2006 and 2007, respectively. We inferred that this water source did not contain suitable food organisms for newly hatched lobster larvae and chose not to filter the water. No visible organisms were observed in the tank or in individual containers during the careful daily visual inspection of larvae throughout the experiment in both years. Moreover, no marine larvae settled in the tank throughout the experiment in both years. We checked all larvae for mortality and metamorphosis daily and kept track of individuals using a tagging system in which coded flags were pinned to the Styrofoam 'lifesaver' of each individual container. Each batch of larvae was given a letter code with no direct reference to the mother to ensure an unbiased inspection routine. Larvae were considered dead when they were opaque or when no movement of the abdomen or appendages was observed within 30 s of close visual inspection. Only 3 researchers were involved in the checking of larvae (in both years) in order to standardise the procedure. The experiment lasted from 25 May to 26 July (63 d) in 2006 and from 11 April to 11 August (123 d) in 2007. As we had no means of synchronising the hatching time for different females, we introduced batches of larvae into the experiment as they hatched, and made daily measurements of potentially variable environmental conditions (temperature and salinity). Up to 80 individual containers with larvae were held in the common garden tank simultaneously.
We used classical linear models (McCullagh & Nelder 1999) to analyse maternal influences on offspring size. Maternal size, i.e. CL was ln-transformed in order to stabilise the variance, and residual plots indicated that the models fitted the data adequately. We first tested for the effect of maternal CL (MCL) on mean egg DW using the following model structure:
where β 0 is the intercept, β 1 is the slope relating to the ln-transformed MCL, β j is a year-specific offset, and ε ij is the error term. Next, we tested for the effect of MCL on the coefficient of variation (CV = SD/mean) in sibling dry weight using the same model structure as in Eq. (1):
In addition to egg size, we also tested for the effect of MCL on larval carapace length (LCL):
where ε i is the error term. Lastly, we tested for the effect of mean egg DW on mean LCL:
where β 1 is the slope relating to mean egg DW. Larval survival was measured in days and analysed by fitting a generalised additive model (GAM) to the data. GAMs are an extension of generalised linear models (GLMs) that allow flexible nonparametric effects of covariates on the response variable of interest (Hastie & Tibshirani 1990) , and we hypothesised possible nonlinear effects on survival. Recognising that temporal variation in hatching time among females precluded a perfect common-garden experimental setup, we sought to correct for the effects of batch-specific variation in rearing regime in the statistical analyses. Specifically, we included mean batch-specific water temperature, salinity and mean day of the year (which could account for an additional unexplained temporal variation) as covariates in the model:
where S is the mean larval survival for each mother, and gs are smoothing functions (i.e. natural cubic splines) linking egg DW, water temperature (T), salinity (Sal) and day of the year (D) to the response variable. A residual plot indicated that this model fitted the data adequately. Preliminary analysis showed no detectable effect of year on survival; thus, this parameter was not considered further. Model selection was based on the generalised cross validation (GCV) score, which measures the compromise between the roughness and smoothness of a fitted curve (Wood 2000) .
RESULTS
Mean egg DW among females ranged from 1.023 to 1.772 mg (1.469 ± 0.027 mg SE) and increased significantly with increasing MCL (Fig. 1a ; β 0 = -1.99 ± 0.63 SE, β 1 = 0.74 ± 0.14 SE, p < 0.001, model R 2 = 0.43). For a given MCL, mean egg DW was significantly higher in 2007 than in 2006 (β j = 0.11 ± 0.04 SE, p = 0.016). Sibling size variation among females, which was measured as the CV of egg DW, ranged from 0.027 to 0.090 (0.047 ± 0.002 SE) and decreased significantly with increasing MCL (Fig. 1b ; β 0 = 26.14 ± 5.68 SE, β 1 = -0.045 ± 0.012 SE, p < 0.001, model R 2 = 0.26). For comparison, sibling size variation measured as the SD of egg DW also decreased with increasing MCL, although this relationship was not statistically significant at the 0.05 level (slope: -2.624 × 10 -5 ± 1.687 × 10 -5 SE, p = 0.127). For a given MCL, sibling size variation (CV) was marginally lower in 2007 than in 2006 (β j = -0.008 ± 0.004 SE, p = 0.056).
Mean LCL among females ranged from 2.38 to 2.69 mm (2.53 ± 0.03 mm SE) and increased significantly with increasing MCL (Fig. 1c ; β 0 = 2.14 ± 0.08 SE, β 1 = 0.004 ± 0.001 SE, p = 0.00193, model r 2 = 0.74). Mean LCL also increased significantly as a function of mean egg DW ( Fig. 1d ; β 0 = 1.79 ± 0.08 SE, β 1 = 0.50 ± 0.05 SE, p < 0.001, model r 2 = 0.92).
In the starvation experiment, mortality was generally low during the first 5 to 10 d and then increased sharply. No larvae survived beyond 19 d (Fig. 2) . Mean survival for a batch of 20 larvae from each female ranged from 8.05 to 13.5 d (overall mean = 11.44 ± 0.19 d SE). No larvae had sufficient energy reserves to reach metamorphosis to the next instar (Stage II). Larval survival was best described with a GAM containing additive effects of mean egg DW, mean salinity and mean day of the year. Visual inspection of this model showed that the effects of salinity and day of the year were close to linear. Therefore, these effects were set as parametric linear effects in the final model, for ease of presentation. There was evidence for a weak (but significant) nonlinear effect of mean egg DW on mean survival ( Fig. 3 ; p = 0.049, model R 2 = 0.41). The available data suggests a positive effect of egg size on larval survival up to an intermediate egg weight of 1.4 mg. Above this value, the effect levelled out and showed signs of reversal. However, the data provided only weak support for this pattern, since the CI overlapped with 0 for egg weights greater than ~1.1 mg (Fig. 3) . Moreover, the overall effect of egg size on larval survival was no longer significant (p = 0.18) when the female with the smallest eggs was removed from the data set. Survival increased significantly with increasing salinity (β Sal = 3.84 ± 1.23 SE, p = 0.004) and decreased significantly throughout the duration of the study (β D = -0.022 ± 0.0053 SE, p < 0.001). There was no evidence for an additional effect of water temperature on survival (p = 0.92); however, evidence for a weak negative effect was noted when both salinity and day of the year were excluded as covariates (β T = -1.19 ± 0.60 SE, p = 0.05). This reflects a partial confounding between covariates, where temperature tended to increase throughout the study.
DISCUSSION
Our study demonstrates complex maternal influences in the European lobster where female body size influences both the mean and the variability in offspring size. We also show a connection between egg size and larval size and, possibly, early larval survival. Egg size increased significantly with maternal body size. This finding is in concordance with previous work conducted on European lobsters in other regions (Tully et al. 2001 , Jørstad et al. 2005 , Agnalt et al. 2008 ). In addition, we document that egg size is closely linked to larval size, implying that egg size (measured as DW) is a good approximation of offspring size. A similar relationship was observed in the American lobster Homarus americanus in certain areas of its range (Attard & Hudon 1987 , Ouellet & Plante 2004 .
Life history theory offers several plausible explanations why offspring size is positively correlated to female size in the European lobster. Sakai & Harada (2001) suggested simply that if larger mothers can provision their young more efficiently than smaller ones, this could result in a correlation between maternal and offspring size. Parker & Begon (1986) predicted that if competition between siblings is likely, then larger, more fecund mothers should produce larger offspring to compensate for increased levels of competition. Currently, we lack information regarding the scales of competition that occurs between siblings in species with dispersive larvae. However, planktotrophic sibling larvae in European lobsters are probably more likely to encounter each other than non-siblings, especially during the initial stage of their dispersal. Furthermore, there could potentially be competition among siblings during the brooding phase, e.g. for oxygen. Hendry et al. (2001) suggested that if the maternal phenotype influences the quality of the natal environment (e.g. larger lobster mothers releasing their larvae in a favourable depth and current), then a correlation between offspring and maternal size should be anticipated. On the other hand, the maternal size-offspring size relationship may be non-adaptive and may instead be a product of anatomical scaling constraints (Fox & Czesak 2000 ) (see below). At present, we lack information for European lobsters to distinguish between these explanatory models. Sibling size variation decreased with increasing maternal size in our study. In general, large females produced large and evenly sized siblings, while small females produced small and more variable siblings. We know of no other study on decapods that examined maternal influence on sibling size variation. However, Marshall et al. (2000) found a similar effect of maternal size on variation in egg size within broods in the ascidian Pyura stolonifera. A recent study on the brown trout Salmo trutta L. found no effect of maternal size on sibling size variation (Gregersen et al. 2009 ). One possible explanation for this result is that sibling size variation primarily represents inaccurate trait expression rather than evolutionary adaptation (Fox & Czesak 2000 , Einum & Fleming 2004 , where smaller females are more constrained and less precise in their production of offspring. In Homarus species, moulting occurs less frequently as individuals grow older and larger. Smaller females will moult between each egg extrusion (spawning), whereas larger females (>120 mm CL) are likely to extrude eggs in consecutive seasons within the same moult stage (Waddy et al. 1995 , Agnalt et al. 2007 ). These size-specific differences in the moult cycle, where smaller females are forced to partition energy between egg production and more frequent moults, may be an important constraining factor in offspring production. Alternatively, maternal influences on offspring size variation may also represent adaptive transgenerational phenotypic plasticity (Marshall & Uller 2007) . This would somehow imply that smaller female lobsters maximise fitness by producing relatively variable offspring, as compared to larger females. The underlying mechanism for such a strategy is unclear, but suggests that offspring from small females tend to face a less predictable environment than those from large females. The variation in egg size among similar-sized small females could potentially be related to their physiological condition and/or previous growth history ( Mc-Cormick 1998 , Olsen & Vøllestad 2003 . Some of this variation may also be genetic, since egg size is known to be a heritable trait in some aquatic organisms (e.g. Su et al. 1997) .
Our experimental work revealed a weak but significant relationship between egg mass and larval resistance to starvation. This relationship was not linear. Instead, the available data indicate that survival time increased from the smallest to intermediate-sized offspring, with no further increase for the upper half of the size range (see Fig. 3 ). We note, however, that data is sparse at each extreme end of egg sizes, and that 1 female with particularly small eggs had a clear influence on the result. Therefore, we cannot conclude about the effect of egg size on larval survival in our experiment. Nevertheless, our study appears to agree with 2 earlier studies on maternal influences in decapods: (1) Jørstad et al. (2005) found that juvenile survival (measured at the early benthic stage) in the European lobster was higher for large mothers that produce large eggs as compared to small females, and (2) Giménez & Torres (2002) reported that a high initial biomass at hatching was associated with high levels of reserves in advanced larval stages in the estuarine crab Chasmagnathus granulata, and attributed this to an enhanced ability of larger larvae to capture and ingest prey (Pepin et al. 1992) . Hatching time had a significant effect on survival in our experiment, with a decrease in larval survival throughout the study in both years. This may indicate that a later hatching date, which in turn may indicate a longer incubation time, causes more energy to be used by embryos prior to hatching.
Clearly, there is scope for future studies addressing maternal influences on the early life history of the European lobster. A future study that includes a starvation experiment would benefit from having a parallel feeding experiment. In addition to acting as a control, it would enable testing of the hypothesis that maternal influences are only expressed, or are expressed more strongly, when per capita resource availability is low.
Our findings illuminate considerable differences in reproductive strategy among female Homarus gammarus throughout their size range, particularly differences pertaining to offspring size and within-brood size variation. Maternal influences on offspring size could be an important source of variation in larval quality and, consequently, of variation in recruitment (Marshall & Keough 2008 , Venturelli et al. 2009 ). Therefore, maternal influences could also be an important source of error in fisheries science and management if they are assumed to be absent or unimportant.
Our study suffers somewhat from the fact that the European lobster has been subjected to longevity overfishing, i.e. we are unable to observe maternal influences throughout a size range that is not truncated by harvesting. This may have biased the maternal influences that we measured towards low values. Future studies should aim to sample egg size and measure female body size and growth consecutively throughout their life histories in areas where lobsters are protected from fishing, i.e. in marine reserves. 
